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Objectives. Comparison of the accuracy of prediction of contemporary mortality prediction models after open Abdominal
Aortic Aneurysm (AAA) surgery.
Methods. Post-operative data were collected from AAA patients from 2 UK Intensive Care Units (ICU). POSSUM and
VBHOM based models were compared to the APACHE-AAA model which was able to adjust for the hospital-related effect
on outcome. Model performance was assessed using measures of calibration, discrimination and subgroup analysis.
Results. 541 patients were studied. The in-hospital mortality rate for elective AAA repair (325 patients) was: 6.2% (95%
confidence interval (c.i.) 3.5 to 8.8) and for emergency repair (216 patients) was: 28.7% (95% c.i. 22.5e34.9). The
APACHE-based model had the best overall fit to the whole population of AAA patients, and also separately in elective
and emergency patients. The V-POSSUM physiology-only (p< 0.001) and VBHOM (p¼ 0.011) models had a poor fit
in elective patients. The RAAA-POSSUM physiology-only (p< 0.001) and VBHOM models (p¼ 0.010) had a poor fit
in emergency patients.
Conclusions. The APACHE-AAA model with its ability to adjust for both the hospital-related ‘‘effect’’ as well as the
patient case-mix, was a more accurate risk stratification model than other contemporary models, in the post-operative
AAA patient managed in ICU.
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Abdominal aortic aneurysm (AAA) repair is one of
the index arterial operations for which the Vascular
Society of Great Britain and Ireland collects data.1
The latest report2 from the National Confidential
Enquiry into Patient Outcome and Death (NCEPOD)
focused exclusively for the first time on a single dis-
ease state: the repair of AAA, highlighting the impor-
tance of this condition for the United Kingdom’s (UK)
National Health Service.
*Corresponding author.
E-mail address: vassilis@doctors.org.uk1078–5884/000536+ 08 $32.00/0  2006 Elsevier Ltd. All rights resRisk stratification models take into account the fea-
tures of the patients (independent risk factors) that
can affect their risk of an outcome (the dependent vari-
able), irrespective of the effect of the structure and pro-
cess of care they receive.3 Thesemodels are designed to
adjust for all the independent risk factors by combining
them in a single predictor value which is linked to the
outcomebyamathematical equation, suchasamultiple
logistic regression model.4 The timing of the construc-
tion of a risk-stratification model dictates the potential
uses of such a model. That is, a model developed at the
earliest time-point in the process of care, such as in the
pre-hospital setting, is very unlikely to be accurate due
to the large number of processes that ensue which alter
the severity of illness. A model created just before
abdominal aortic aneurysm repair may be useful aserved.
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consent. It may be also useful for making comparisons
between expected and observed outcomes, producing
inferences for the totality of care received by the
patients from the operation itself to discharge. A risk
stratification model constructed from data immedi-
ately after the operation (such as the APACHE-AAA
model5) may be useful in elucidating aspects of
the post-operative care alone distinct from the peri-
operative events, such as in comparative audit of the
post-operative care, in observational research studies,5
in clinical practice to aid in prognosis6 and as a sum-
mary surrogate measure of a patient’s clinical status.
Attempts to model mortality in both emergency
and elective AAA surgery as a combined group
were not successful using the ‘‘Physiological and Op-
erative Severity Score for enumeration of Morbidity
and mortality’’ (POSSUM) methodology.7 Models
based on the POSSUM data set were identified1 as be-
ing vulnerable to incomplete data and the subjectivity
of some of the components of the data set. Therefore,
further attempts were made to model mortality using
the ‘‘data economic’’ Vascular Biochemistry and Hae-
matology Outcome Models (VBHOM) items in AAA
patients,1 which again failed to model outcome for
both elective and emergency AAA as a combined
group, necessitating the formation of two separate
models. In fact, only about 65% of the patients’ data
had complete information for inclusion in this study,
excluding 35% of the cases. As a result, there were
an inadequate number of outcome events in the
VBHOM study to model outcome in these patients us-
ing logistic regression. As a rule, at least ten outcome
events per potential predictor variable are required8
to minimise the risk of a Type I error.
The original POSSUM methodology9 used pre-
operative physiology data, collected as close as possi-
ble to the operation time, as predictors of 30-day
mortality. The P-POSSUM methodology7 and the
VBHOM-based models1 adopted the same predictor
variables but collected data on hospital admission to
predict in-hospital mortality. The APACHE-AAA5
model is the only available model specifically devel-
oped and internally validated for predicting outcome
in the post-operative AAA patient, managed in the
intensive care unit (ICU). Themulti-level methodology
used to develop the model enables it to adjust for the
structure and process of care in individual ICUs as
well as the patient case-mix.
The purpose of the study was to compare the accu-
racy of model prediction of in-hospital mortality in
post-operative patients cared for in ICU after open
AAA repair, in a group of patients independent
from the ones used to develop the models.Methods
Data sources and inclusion criteria
The ICUs of John Radcliffe Hospital, Oxford and Uni-
versity Hospital Lewisham, London were used as the
source of patient data. The ICUs cared for both surgi-
cal and medical patients but neither of the hospitals
performed endovascular AAA repair nor did they
have access to High Dependency Unit10,11 facilities.
The information collected comprised demographic
data, diagnostic details, and details of the components
of APACHE-AAA5 (Table 1), additional items for
completing the VBHOM1 (Urea in mmol/l, Haemo-
globin in g/dl), the V-POSSUM12 (P-POSSUM equa-
tion for vascular surgery) and RAAA-POSSUM7
(P-POSSUM equation for emergency AAA patients)
physiology-only models (cardiac, ECG and respira-
tory signs and systolic blood pressure in mmHg).
The physiology-only models were chosen for outcome
prediction in order to avoid the pitfalls13,14 of using
surgeon-dependent variables (such as blood loss,
multiple procedures and peritoneal soiling) in the
Operative Severity part of the equation. Data from
Table 1. Regression equations predicting mortality relevant to
AAA patients
APACHE-AAA (the equation constant used is specific for the local
ICUs)
p ¼ expf8:21þ ð:05 AgeÞ þ ð:13 APSÞ þ ð1:58 EmergencyÞ
þ ð:36 CH dysfunctionÞg=½1þ expf8:21þ ð:05 AgeÞ
þ ð:13 APSÞ þ ð1:58 EmergencyÞ þ ð:36 CH dysfunctionÞg
RAAA-POSSUM physiology-only
p ¼ expf2:7569þ ð:0968 PSÞg=½1þ expf2:7569þ ð:0968 PSÞg
V-POSSUM physiology-only
p ¼ expf6:0386þ ð:1539 PSÞg=½1þ expf6:0386þ ð:1539 PSÞg
Elective VBHOM-AAA
p ¼ expf8:821þ ð:1AgeÞ þ ð:002UÞ
ð:012NaÞ þ ð:431KÞ  ð:159HbÞ þ ð:055WCCÞg=
½1þ expf 8:821þ ð:1AgeÞ þ ð:002UÞ
ð:012NaÞ þ ð:431KÞ  ð:159HbÞ þ ð:055WCCÞg
Emergency VBHOM-AAA
p ¼ expf2:453þ ð:022AgeÞ  ð:023UÞ
þ ð:049NaÞ  ð:721KÞ  ð:327HbÞ þ ð:007WCCÞg=
½1þ expf2:453þ ð:022AgeÞ
 ð:023UÞ þ ð:049NaÞ  ð:721KÞ  ð:327HbÞ þ ð:007WCCÞg
p ¼ probability of in-hospital death (value between 0 and 1); exp¼
the base of natural logarithms; APS¼Acute Physiology Score;
CH¼Chronic Health status (value of 0 or 1); PS¼ Physiology Score;
U¼Urea mmol/l; Na¼ Sodium mmol/l; K¼ Potassium mmol/l;
Hb¼Haemoglobin g/dl; WCC¼White Cell Count 109/l.Eur J Vasc Endovasc Surg Vol 33, May 2007
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open surgical repair of AAA and were managed
post-operatively in the same hospital’s ICU (only the
first admission was counted) were included in the
study.
In Oxford, data were collected from January 1999
to December 2004 using the proprietary CareVue
computerised patient information system (Hewlett
Packard Ltd, Andover, USA), which provided auto-
matic charting of physiological and laboratory data in
real time.Thedata fromUniversityHospitalLewisham,
London were collected prospectively from October
2003 to September 2004. All patients’ outcome status
was cross-referenced by manual case note review. The
patients from both units were merged together for the
sake of simplicity.
Study outcome and prognostic variables
The primary outcome of the study was in-hospital
mortality. All candidate prognostic variables for in-
hospital mortality were used from the components
of the prognostic models1,5,7,12 shown in Table 1. The
values of the measurable variables were the first
collected as close as possible to the end of the opera-
tion: either the last recorded values in the operating
theatre or the first recorded values on admission to
the ICU (the latter for information on biochemical
parameters), consistent with the APACHE-AAA
methodology.5
Statistical analysis
Outcome is dependent on both the patient case-mix
(which is reflected by a model’s prognostic variables)
and the individual hospital-related effects (the struc-
ture and process of care comprising the organisation,
financing, staffing levels, teamwork, volume and pres-
sure of work, ICU admission and discharge policies,
technology and implementation of pathways of care)
of each ICU. The APACHE-AAA5 model equation
was developed using multi-level modelling, allowing
the model to adjust for the local hospital-related ef-
fects by the use of a specific equation constant for
each different ICU. The appropriate constant within
the 95% confidence intervals defined by the original
development study5 was chosen to adjust for the local
hospital-related effect. Equations for the V-POSSUM
physiology-only (for combined emergency and elec-
tive patients and for elective-only patients), RAAA-
POSSUM physiology-only (for emergency patients),
and the VBHOM-AAA models (different ones forEur J Vasc Endovasc Surg Vol 33, May 2007elective or emergency patients) shown in Table 1,
were also applied to the local patient population.
Model performance was evaluated by measures of
calibration, discrimination and subgroup analysis.
Model discrimination refers to the ability of the model
to assign higher probabilities of death (outcome) to
patients who actually die than those patients who
live. This was evaluated by the area under the receiver
operating characteristic (ROC) curve15 which is equiv-
alent to the C-Index. A value between 0.7 and 0.8 rep-
resents reasonable discrimination and if the value
exceeds 0.8 it is considered good discrimination.16
Comparisons between pairs of ROC areas were per-
formed using a non-parametric algorithm based on
the Chi square distribution.17,18 Calibration or good-
ness-of-fit4 refers to the ability of the model to assign
the correct probabilities of outcome to individual
patients. This ability was assessed using the Hosmer-
Lemeshow C statistic15 in which a high p value would
indicate a good model fit. Subgroup analyses were
also performed to assess the uniformity of fit of the
models across the spectrum of age, chronic health
and where appropriate operative urgency. Observed-
to-expected (O:E) ratios of in-hospital mortality across
the subgroups were used to illustrate subgroups for
which the model over or under-predicted mortality.
Statistical analysis was two-sided using a significance
level of p < 0.05.
Software
Statistical analysis was performed using the computer
software: SPSS version 12 for Windows (Chicago,
Illinois, USA), and Intercooled STATA 8.0 for
Windows (STATA corporation, College Station, TX,
USA).
Results
555 patients satisfied the inclusion criteria. 14 patients
from Oxford were excluded due to missing data for
all the prognostic variables, despite knowing their
outcome. The remainder of the database comprised
489 patients from Oxford and 52 patients from
Lewisham. 65 patients from Oxford had a missing
CH status but were included in the analysis. The
demographic characteristics of the 541 patients,
the relevant prognostic variables used for model
development and their missing values are shown in
Table 2. Missing data analysis of the CH status vari-
able did not reveal a statistically significant bias of
distribution of missing values among the categories
of operative urgency and their associated mortality.
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subgroup of AAA patients was: for elective surgery
6.2% (95%CI: 3.5e8.8%) and for emergency surgery
28.7% (95%CI: 22.5e34.9%).
TheAPACHE-AAAmodel’s properties compared to
the other relevant models is shown in Table 3 with re-
spect to Discrimination (C-Index) and in Table 4 with
respect to Calibration (Hosmer-Lemeshow C-test) and
subgroup goodness-of-fit.
The calibration properties of the APACHE-AAA
model depicted in Fig. 1 are compared to the
V-POSSUM physiology model (applied to the whole
patient population); in Fig. 2 they are compared to
the V-POSSUM physiology and the VBHOM-Elective
models (applied to the elective population of patients
only); and in Fig. 3 they are compared to the RAAA-
POSSUM physiology and the VBHOM-Emergency
models (applied to the emergency population of
patients only).
Table 2. Patient demographic characteristics and associated
mortality
Variable Subgroup No of Patients
(% of total)
No. of Deaths
(% mortality)
Age groups <55 5 (0.9) 0 (0.0)
55e64 58 (10.7) 2 (3.4)
65e74 238 (44.0) 31 (13.0)
75 240 (44.4) 49 (20.4)
Gender Male 467 (86.3) 67 (14.3)
Female 74 (13.7) 15 (20.3)
Operative
Urgency
Elective 325 (60.1) 20 (6.2)
Emergency 216 (39.9) 62 (28.7)
CH status No CH
dysfunction
418 (87.8) 52 (12.4)
CH dysfunction 58 (12.2) 24 (41.4)
Missing 65 (12.0) 6 (9.2)
Total 541 82 (15.2)The subgroup analyses shown in Figs. 4 and 5 fur-
ther compare the uniformity of fit of APACHE-AAA
and V-POSSUM physiology models applied to the
whole patient population. The latter model signifi-
cantly over-predicts mortality non-uniformly espe-
cially in elective patients (O:E ratio 0.230 Vs 0.641 in
Emergency patients), in the younger age groups
(O:E ratio 0.172 Vs 0.754 in the Oldest age decile)
and in patients with No CH dysfunction (O:E ratio
0.397 Vs 0.663 for patients with CH dysfunction).
The subgroup analyses applied only to the elective
patients further compare the uniformity of fit of the
relevant models (Fig. 6). The V-POSSUM physiology
model significantly over-predicts mortality non-
uniformly especially in the younger age groups (O:E ra-
tio 0.203 Vs 0.504 in the Oldest age decile) and in
patients with No CH dysfunction (O:E ratio 0.209
Vs 0.450 for patients with CH dysfunction). The
VBHOM-Elective model significantly over-predicts
mortality non-uniformly especially in the younger
age groups (O:E ratio 0.794 Vs 0.949 in the Oldest age
decile) and under-predicts mortality in patients with
CH dysfunction (O:E ratio 1.762 Vs 0.533 for patients
with No CH dysfunction). The subgroup analyses
applied only to the emergency patients further com-
pare the uniformity of fit of these models (Fig. 7). The
RAAA-POSSUM physiology model significantly
over-predicts mortality non-uniformly especially in
the younger age groups (O:E ratio 0.145 Vs 0.701 in
the Oldest age decile) and in patients with No CH dys-
function (O:E ratio 0.366 Vs 0.646 for patients with CH
dysfunction). The VBHOM-Emergency model signifi-
cantly over-predicts mortality non-uniformly espe-
cially in the younger age groups (O:E ratio 0.346 Vs
1.192 in the Oldest age decile) and it under-predicts
mortality in patients with CH dysfunction (O:E ratio
1.267 Vs 0.715 for patients with No CH dysfunction).Table 3. Comparison of the discrimination properties (C-Index) of all the models
All patients AP-AAA1 V-POSSUM2
C-Index (95% C.I.) 0.842 (0.799e0.885) 0.813 (0.765e0.860)
p-value3 0.230 (AP-AAAVs V-POSSUM)
Electives AP-AAA1 V-POSSUM2 VBHOM-Electives
C-Index (95% C.I.) 0.875 (0.807e0.942) 0.881 (0.811e0.951) 0.777 (0.669e0.884)
p-value3 0.834 (AP-AAAVs V-POSSUM) 0.087 (Vs V-POSSUM)
0.040 (Vs AP-AAA)
Emergencies AP-AAA1 RAAA-POSSUM VBHOM-Emergencies
C-Index (95% C.I.) 0.738 (0.660e0.816) 0.697 (0.619e0.774) 0.523 (0.432e0.614)
p-value3 0.269 (AP-AAA Vs RAAA-POSSUM) <0.001 (Vs AP-AAA)
0.002 (Vs RAAA-POSSUM)
1 APACHE-AAA model specific for the Oxford/Lewisham ICU.
2 V-POSSUM physiology-only model.
3 Pearson’s Chi-square test.Eur J Vasc Endovasc Surg Vol 33, May 2007
540 V. G. Hadjianastassiou et al.Table 4. Comparison of the calibration properties (Hosmer-Lemeshow C-tests) and subgroup goodness-of-fit of all the models
All patients AP-AAA1 V-POSSUM2
H-L C-Test4 7.777 86.875
p-value3 0.456 <0.001
Pearson’s Chi-square test p-value (subgroup analysis)
Operative
Urgency
0.998 <0.001
Deciles of Age 0.121 <0.001
CH status 0.617 <0.001
Electives AP-AAA1 V-POSSUM2 VBHOM-Electives
H-L C-Test4 7.342 64.078 19.868
p-value3 0.500 <0.001 0.011
Pearson’s Chi-square test p-value (subgroup analysis)
Deciles of Age 0.256 <0.001 0.189
CH status 0.898 <0.001 0.466
Emergencies AP-AAA1 RAAA-POSSUM VBHOM-Emergencies
H-L C-Test4 6.204 152.087 19.988
p-value3 0.624 <0.001 0.010
Pearson’s Chi-square test p-value (subgroup analysis)
Deciles of Age 0.117 <0.001 0.034
CH status 0.772 <0.001 0.390
1 APACHE-AAA model specific for the Oxford/Lewisham ICU.
2 V-POSSUM physiology-only model.
3 Hosmer-Lemeshow C-test p value.
4 Hosmer-Lemeshow C-test.Discussion
This study compared the prognostic ability of the
APACHE-AAA model specific for the Oxford-
Lewisham ICU with that of other available methods
of risk stratification. The ability of the APACHE-
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Fig. 1. Calibration bar chart of the APACHE-AAA and
V-POSSUM physiology models applied to the Oxford/
Lewisham AAA patients.Eur J Vasc Endovasc Surg Vol 33, May 2007AAA to discriminate between survivors and patients
who died was not statistically significantly better
than the POSSUM-based models, despite a favourable
trend. VBHOM based models were significantly less
accurate than the other models. The calibration prop-
erties of POSSUM- and VBHOM-based models
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Fig. 2. Calibration chart (for elective patients only) of
the APACHE-AAA, V-POSSUM physiology and VBHOM-
Elective models.
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analyses indicating that this was not uniform across
all strata of risk, in sharp contrast to the uniformly
good fit of the APACHE-AAA model.
To date there is no valid risk stratification model
specifically developed for use in a combined group
of post-operative elective and emergency AAA pa-
tients, apart from the APACHE-AAA.5 In contrast,
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Fig. 3. Calibration chart (for emergency patients only) of the
APACHE-AAA, RAAA-POSSUM physiology and VBHOM-
Emergency models.
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Fig. 4. Subgroup analysis for all the Oxford/Lewisham
AAA patients: mean in-hospital mortality risk (95% C.I.)
in elective and emergency surgery for the APACHE-AAA
and V-POSSUM physiology models.both the POSSUM and VBHOM-based models were
developed using preoperative data collected at the
time of a patient’s hospital admission, making them
prone to the limitation that resuscitation attempts
prior to surgery may alter the severity of illness and
ultimately the accuracy of risk prediction. In princi-
ple, the only existing model which has a theoretical
potential to be useful in a combined group of elective
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only model which has been used in this study for
comparisons with the APACHE-AAA. As the existing
methods of risk stratification in AAA patients were
developed for elective and emergency patients sepa-
rately, comparisons with the APACHE-AAA model
were also performed with the relevant models sepa-
rately: the V-POSSUM physiology and VBHOM-Elective
models for elective patients and the RAAA-POSSUM
physiology and VBHOM-Emergency models for
emergencies.
As this independent population was not selected
randomly inferences about the applicability of
the specific APACHE-AAA model in other parts of
the UK cannot be made. However, this study has
provided evidence to support the concept that
the multi-level methodology used to develop the
APACHE-AAA model allows it the flexibility to
adjust for the hospital-related factors which affect
outcome, in order to represent the patient case-mix
more accurately. This allowed the model to predict
outcome uniformly across all strata of risk and all rel-
evant subgroups, in a population of post-operative
AAA patients independent from the one used to
develop it. The study has also shown the lack of fit
of existing (POSSUM and VBHOM-based) risk strati-
fication models, developed for use in a pre-operative
patient population, which can only adjust for the
patient case-mix. Any model which only adjusts for
the patient case-mix implies a principle of ‘‘one size
fits all’’, that is, one specific model to be used in all
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Fig. 7. Subgroup analysis for emergency patients only: mean
in-hospital mortality risk (95% C.I.) across CH status for the
APACHE-AAA, RAAA-POSSUM physiology and VBHOM-
Emergency models.Eur J Vasc Endovasc Surg Vol 33, May 2007hospitals which may not be the case as suggested by
this study. In one case (VBHOM-Emergency) the
discrimination properties of the model deteriorated
to unacceptable levels, comparable to chance alone.
Investigation of the reasons for the lack of fit of these
models to the Oxford/Lewisham population is be-
yond the scope of this study. The general principles
dictating the deterioration in performance of prognos-
tic indices when tested in an independent population
have been extensively analysed in the literature.19e24
A major factor for the lack of fit of these models
may be the fact that they were developed for use of
pre-operative data. However, it is difficult to imagine
why using physiological data temporally closer (post-
operative) to the outcome event (discharge or death)
which more accurately reflect the state of the patient af-
ter a therapeutic intervention (anaesthesia, resuscitation,
surgery) may produce worse predictions than physio-
logical data even before the surgery/resuscitation. The
study confirmed the need for using risk stratification
models only in the target conditions they were origi-
nally developed for.
Models intended to be used in national databases
as reference systems for reliable assessments of the
quality of care, for evaluative research and in prog-
nostication, should be created from large databases
(preferably countrywide, from a random selection of
hospitals) using multi-level methodology. This is
a technique which allows adjustment for both the
hospital-related factors and the patient case-mix, safe-
guarding the model’s performance in patient
populations independent from the development
sample.
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